Abstract-A theoretical and experimental analysis of a thermal-photovoltaic panel, whose purpose is to produce both electrical and thermal energy, has been performed. In order to achieve the main objective, the different components that constitute the thermal-photovoltaic panel have been studied and a simulation model of the proposed thermal-photovoltaic panel has been developed; then, the simulated values, based on the solar irradiance, the ambient temperature and the wind speed, have been compared with experimental data. The results are analyzed and discussed in the paper. In particular, such a validated model can be used to establish if and when it is more convenient to use a hybrid structure rather than two separate devices (PV only and thermal collector only).
INTRODUCTION
The functions of photovoltaic panels and thermal collectors can be integrated in a single device: the Photovoltaic-Thermal panel, or PV-T. With PV-Ts, the sunlight is converted into electricity and heat simultaneously. During the last 20 years the research into PV-T techniques and concepts has been widespread, but rather scattered. This reflects the number of possible PV-T concepts and the relevant research and development problems, deriving from the general goal to optimize both the electrical and the thermal efficiency of a device simultaneously. The aspects that can be optimized are, among others, the spectral characteristics of the PV cell, its solar absorption and the internal heat transfer between cells and heat-collecting system.
Another important level of optimization is relevant to the PV-T device geometry and the integration into a system. The electricity and heat demand and the temperature level of the latter determine the choice of a certain system set-up. With an optimal design, PV-T systems can supply buildings with 100% renewable electricity and heat in a more cost-effective manner than separate PV and solar thermal systems and thus contribute to the long-term international targets on implementation of renewable energy in the built environment [1] .
Several types of PV-Ts exist, and they can be divided according to: heat transfer fluid (air, water or another refrigerant fluid), type of silicon that is used for the photovoltaic module; manner in which they receive the solar radiation (concentrated or flat plate solar collectors); mode of circulation of the fluid (natural or forced); location (integrated in the building, on the roof, on the floor); presence of a glass cover or not. The heat transfer fluid does appear to be a good parameter for the classification of the PV-Ts. Therefore, according to this parameter there are PV-T air collectors, PV-T water collectors and PV-T liquid collectors. The former can be subdivided according to the different types of the air channel: channel above PV layer, channel below PV layer, PV layer between single pass and double pass channels.
The classification of the PV-T water collectors is similar to that of the air cooled PV-Ts. In fact, the water can flow: in tubes below the absorber like in a traditional solar collector (sheet and tube); in a channel realized between the cover glass and the PV module; above the PV module (free flow); in two channels realized between the glass cover and the PV and the absorber and the insulator, respectively; below the PV module; in channels situated below the absorber.
The PV-T liquid collector is the most innovative and recent one. The basic liquid-cooled design uses conductive-metal piping or plates attached to the back of a PV module. The heat from the PV cells is driven through the metal and absorbed by the working fluid. It is possible to realize closed-loop or openloop systems: in closed-loop systems the heat is transferred to a heat exchanger, where it flows to the load; in open-loop systems, the heat is transferred before the fluid returns to the PV cells [2] .
The solar air heating and water heating represent 45% and 39% of solar thermal technologies, respectively; the solar cooling constitutes 7%, the industrial heating 6%, the drying 3%, and the pool heating 0.2%. Mainly in the residential sector, the PV-T can be combined with a heat pump to serve multifamily buildings, with a limited occupancy of the available roof area [3] .
In this work, the thermal and electrical performance of a PV-T water collector are evaluated.
With respect to a single PV module, in such a system the produced thermal energy that otherwise would be dispersed in the environment is stored and used, and at the same time the photovoltaic module is cooled, increasing its efficiency, which decays with temperature. In the same ambient conditions, and considering the same surface area, the PV-T efficiency is lower than that of the solar collector only (mainly because of the radiation absorbed by the PV layer), but the total efficiency per unit area of a PV-T panel is higher than the sum of the efficiencies of separate PV panels and solar thermal collectors, of which the occupied area would be the double. This is an advantage when the space availability is limited and when one has to pay attention to the visual impact. Indeed, the PV-T panels look better than separated PV modules and solar thermal collectors and this is important, for instance, when there are historical or natural constraints.
II. THE PV-T SOLAR SYSTEM
In Figure 1 the inner layers of the considered PV-T are depicted. Figure 2 and Table 1 report the dimensions of the PV-T and the number of tubes that constitute the collector. Dimension of the PV-T Figure 3 shows the operating principle of the PV-T. The cold water that comes from the grid and the tank appears in blue. It enters the main collector, where it is distributed in the 14 pipes at a pressure of about 1 bar. The red arrows represent the path of the hot water coming from the pipes where it received heat from the cells, lowering their temperature. For the sake of clarity, only the main devices that guarantee the proper operation of the PV-T appear in the scheme. is the reverse saturation current of the diode, q is the electron charge, K is the Boltzmann constant, T is the temperature of the p-n junction and a is the diode ideality constant [10] [11] .
However, the previous equation is not able to represent the I-V characteristic of an array. Therefore, it is necessary to introduce additional parameters which can improve the basic equation 
is the thermal voltage of the array with N S cells connected in series. Terms R S and R P that appear in equation (2) are the equivalent series resistance of the array and the equivalent parallel resistance, respectively. R S is the sum of several structural resistances of the device. In Figure  4 the characteristic I-V curve of a practical PV is shown, obtained from equation (2) The parameters supplied by the manufacturers of the PV arrays are not many and sometimes not enough to allow the adjustment of the models. In fact, it is possible to find in the datasheets only the nominal short-circuit current (I sc,n ), the nominal open circuit voltage (V oc,n ), the current (I mp ) and the voltage (V mp ) at the maximum power point, the open-circuit voltage/temperature coefficient (K V ), the short-circuit current/temperature coefficient (K l ), and the maximum experimental peak output power (P MAX,e ). Some of the parameters that are not usually shown on the datasheets are for example the saturation current of the diode, the light-generated or PV current, the series and parallel resistance, etc.. Some manufacturers provide I-V curves for several radiation and temperature conditions, which facilitate the adjustment and validation of the mathematical equations.
As it can be seen in Figure 4 , the practical PV device may function as both a voltage and a current generator. According to the working point, R S is most affected when it operates as a voltage generator while R p is greater when it has the function of current generator. Thus, it can be observed that the I-V characteristic of a PV device depends not only on solar radiation and temperature, but also on the internal characteristics of the device, that is, R S and R P. Instead, if we neglect the series and parallel resistances it is difficult to determine the light-generated current (I PV ), because the datasheets show only the nominal short-circuit current (I SC,n ), which is the maximum current available at the terminals of the practical device. However, in practical devices the series resistance is low and the parallel resistance is comparatively high, therefore one can assume The light-generated current of the PV cell depends linearly on the solar radiation and is also influenced by the temperature, according to the following equation:
where I PV,n is the PV current at the nominal condition; T=T c -T n (T c and T n being the actual and nominal temperatures); G a is the radiation on the device surface; G n =1000W/m 2 is the nominal radiation. The diode saturation current I 0 and its dependence on the temperature may be expressed by 
where V t,n is the thermal voltage of N S series-connected cells at nominal temperature T n .
The saturation current I 0 of the PV cells that compose the device depends on the saturation current density of the semiconductor and on the effective area of the cells. Current density J 0 depends on the intrinsic characteristics of the PV cell, which in turn depend on several physical parameters such as the coefficient of diffusion of electrons in the semiconductor, the lifetime of minority carriers, the intrinsic carrier density, etc..
As regards the value of diode constant a, it could be estimated with precision. However, the value of this constant is usually 5 .
and its choice depends on the parameters of the I-V model. Also, values of a can be obtained from an empirical analysis. The value of this constant is not to be underestimated because it affects the curvature of the I-V curves and slight variations can improve the model accuracy.
Finally, series resistance R S and parallel resistance R p have to be estimated. In the literature there are several methods to determine them mathematically. According to some authors, it is possible to calculate the two resistors separately. However, this method is not very precise and does not allow to find a good I-V curve. Instead, the method used in this paper is based on the fact that there is only a couple of R S and R p for which P max,m =P max,e =V mp I mp at point (V mp , I mp ) of I-V curve; in other words, the maximum power calculated by the I-V model (P max,m ) must be equal to the maximum power from the datasheet (P max,e ) at the MPP. Therefore, it is possible to derive the relationship between R S and R P through P max,m = P max,e and solve the resulting equation for R P , as follows (7) The above equations have been implemented in the Matlab/Simulink software tool.
B. Thermal Model
Regarding the thermal part, a 1D model was used to reduce the calculation time. The proposed 1D model is a HottelWhillier model [12] in which the thermal power and efficiency, respectively, are given by
where F R represents the heat removal factor: that appears in equation (11), representing the heat resistance between cells and absorber. In equations (8) and (9) term el τη accounts for the solar radiation absorbed by the PV cells, which obviously is no more available to be converted in thermal energy. 089h wind -0.1166h wind ε lam )(1+0.07866N) It is possible to calculate the heat transfer coefficient from the tube to the water as follows
Factor F t depends on the diameter of the tubes (D), their distance (W) and the heat exchange coefficient (h).
The heat transfer coefficient from cells to absorber h ca is estimated in
Also for the simulation of the thermal part the Matlab/Simulink software tool was used.
IV. SIMULATION RESULTS
The electrical and the thermal model have been integrated in a single model, of which the coupling term is the mean temperature of the PV-T layers. The thermal power produced by the PV-T operating as a thermal collector only was compared with that of the collector integrated with the PV panel. As shown in Figure 5 , the thermal power is higher for the collector only than for the combined (PV-T) system. It has a peak of about 535 W at 01:43 pm. This result was obviously expected, since part of the incident radiation is absorbed by the PV panel before reaching the collector absorbing surface. Unlike the thermal power, the electrical power is better in the case of combined system, as shown in Figure 6 . It has a peak of 162 W at 01:37 pm. This is due to the positive effect of the temperature reduction, which is a consequence of the heat removal, on the PV efficiency. Actually, it is possible to observe that the difference between the two curves of the electrical power is more evident in the central hours of the day, when the "cooling effect" of the combined panel is more intense, while it is negligible during the hours of smaller radiation. Figure 7 , is constituted by a thermal-photovoltaic panel (PowerVolt by Solimpeks Solar GmbH) with the characteristics shown in Table 8 ; a pyranometer (KIPP and ZONEN, CMP3) for measuring the solar irradiance; temperature sensors (RTDs of PT100 type), a turbine flowmeter (Gems sensors, FT-110 Series) for measuring the water mass flow rate; a tank where the water is collected and several valves (Caleffi, 5024); a current transducer (LEM, HY 5..25-P); a combined transmitter (ThiesClima_Wind, 4.3329.00.510) for the measurement of wind velocity, wind direction and air temperature; a pump (Flojet, 4125 Series), to ensure the circulation of the water; a voltage transducer (LEM, LV 25-P); an electronic box with four boards, one for each type of measured variable. Each board is connected to Arduino Leonardo, a small electronic board with a microcontroller. Figure 8 the measured outflow temperature of the combined system and that calculated by simulation are compared. As it is evident from the graph, the error is very low, and the same happens in the case of output current and voltage (Figures 9 and 10 ), therefore the model can be considered as a reliable tool to study the performance of PV-Ts having a structure similar to the one object of this work. Fig. 8 .
Comparison between measured and calculated outflow temperature Fig. 9 .
Comparison between measured and calculated current In a PV-T panel two devices are combined in a single system, saving space and obtaining a better electrical performance. In fact, the electrical power and efficiency are higher when the PV is used in combination with the collector, because the latter contributes to lower the temperature of the cells. This performance improvement, however, comes at the expense of the thermal performance of the collector, since part of the incident energy is now absorbed by the PV panel with respect to a separated thermal collector with the same surface area. As a result, to obtain the same thermal output of a separate device, the PV-T surface area cannot be just halved, but can be reduced by about 40%.
This kind of systems are suitable to both industrial and residential applications. As an example, it can be used in a sawmill [13] in which the PV-T system is an auxiliary preheater, while the main system consists of a traditional heater fed by sawmill wood residues like coarse, sawdust, bark and shavings, and a water-air heat exchanger provides hot air to the dry kiln for wood drying. While the heat is used to dry the lumber, the electricity is used to supply saws, fans, condensate pumps and air compressors.
As regards the residential sector, besides the generated electricity, the waste heat can be exploited for instance to heat domestic hot water [14] . In fact, a PV-T of about 3 to 5 m 2 installed in a family house, of which the thermal circuit is based on the thermosyphon principle and is equipped with a water storage tank of 150 to 300 l, showed a good performance: an increase of 4% in electrical efficiency and an annual solar fraction of 0.7621 [15] .
In conclusion, PV-T features are very interesting when there is a demand for both thermal and electrical energy and there is a commitment to the use of renewable energies, even in presence of strict space and/or visual impact constraints. However, because of the high initial cost, when there are no particular constraints limiting the use of separate devices (available space, visual impact), the economic feasibility of such plants must be evaluated case by case. A further technological and commercial development will guarantee higher revenues.
